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Abstract 
Dropwise condensation on super hydrophobic surfaces have the potential of 
obtaining an order of magnitude higher heat transfer than film formation and could 
be used for water harvesting.  It can also help in desalinization and reducing 
cooling tower drift.  Dropwise condensation could decrease the temperature 
difference required and thus reduce the size of condensers.  A model of 
condensation on highly hydrophobic surfaces is presented to gain better 
understanding of key parameters impacting droplet growth, allow direct 
calculation of mass collection and heat transfer of individual droplets, and 
evaluation of bulk surface performance.  The thermal analysis includes rapid 
micro droplet growth, thermal resistance due to diffusion, and impact on individual 
droplet by neighboring droplets and nucleation of new droplets based on time-
dependent nucleation rate.  It enhances the traditional thermal model by including 
an equivalent thermal resistance for diffusion.  The model evaluates diffusion 
boundary layer thickness for laminar flow, temperature difference to saturation, 
surface orientation angle, drop contact angle and material properties.  The 
simulation shows strong agreement with reported values for collected mass.  The 
model confirms that the mass on surface and drainage ratio fall within the 
experimentally reported tolerances.  
Once the validity of the model has been established for highly hydrophobic 
surface, the model is then modified for mixed hydrophilic and hydrophobic 
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surfaces.  The hydrophilic surface significantly reduces the energy barrier for 
nucleation allowing nucleation to the hydrophilic nodules to be treated as 
instantaneous while the hydrophilic surface constrains the base size of the 
droplets and aids in removal of the droplets from the surface.  This allows for 
prediction of surface performance based on the environmental conditions and 
surface configuration.  The model includes evaluation of the diffusion boundary 
layer thickness for natural convection, laminar and turbulent flow regimes.  The 
model is benchmarked against published data for validation of the model.  
Experimental results indicate a condensation rate of 0.406 g over 2 hours and 
the model predicts a condensation rate of 0.39 g over the same duration with a 
deviation of only 4%. The model is used to optimize mass transfer by evaluating 
performance based on nodule size ranging from 0.1 to 0.5 mm with 10°C 
subcooling below saturation.  The surfaces are modeled under various boundary 
layer thickness in the laminar and turbulent flow conditions. The model shows 
that the primary source of thermal resistance is the conduction through the 
droplet and the equivalent thermal resistance due to diffusion.  Under turbulent 
flow conditions, a nodule size of 0.2 mm provides the maximum condensation 
rate.   Laminar flow conditions require a nodule size greater than 0.5 mm due to 
the large equivalent thermal resistance of diffusion.  Laminar flow regimes have 
higher thermal resistance from conduction through the drop due to the large 
equivalent thermal resistance of diffusion.  Nodule sizes ranging from 1.1 mm up 
to 3.7 mm are evaluated.  Laminar flow is trimodal for maximum mass transfer 
rates with nodule sizes of 1.5 mm, 2.3 mm and 3.1 mm.  At low laminar flow rates, 
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the nodule size of 3.1 mm produces the maximum mass transfer rate with nodule 
sizes of 1.5 mm and 2.3 mm performing well.  As flow rates increase, approaching 
turbulent flow transitions the maximum mass transfer rate to a nodule size of 1.5 
mm with a nodule size of 2.3 mm performing well.  The nodule size of 3.1 mm 
experiences a significant drop off in mass transfer rate at the turbulent flow 
regimes. The key finds are as follows: 
 Nucleation barrier severely limits mass collection of hydrophobic 
surfaces under turbulent flow conditions. 
 Primary source of thermal resistance is diffusion. 
 Under optimized turbulent flow conditions thermal resistance of 
droplet and diffusion are approximately equal 
 Thermal resistance due to surface coating is minimal 
 Optimum nodule sizes for turbulent flow is 0.2 mm. 
 Optimum nodule size for laminar flow is 1.5 mm, 2.3 mm and 3.1 
mm. 
 Increased flow rates favor smaller nodule sizes for mass collection. 
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Chapter 1 -  Introduction 
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1.1 Motivation 
Condensation is a critical process in several industries such as  power 
generation, thermal management, water desalination, and environmental control 
[1].  Typically, vapor condenses on a surface due to the reduced energy required 
for nucleation.  The condensed vapor usually forms a thin liquid film on the 
surface resulting in film heat transfer.  The thin film creates a large thermal 
resistance during steady state heat transfer.  The rate of heat transfer can be 
increased by using a  superhydrophobic surface by a factor of 5 to 7 times [1,2]. 
Superhydrophobic surfaces typically have a contact angle of at least 150° 
between the surface and the droplet.  They accomplish the increased rate of heat 
transfer by maintaining individual droplets on the surface and the individual 
droplets roll off the surface due to gravity before developing into a film.  Droplet 
formation on the surface is generally referred to as dropwise condensation.  
Dropwise condensation can reduce the required approach temperatures or 
reduce the size of the heat exchanger, or recover more evaporative losses such 
as the loss associated with cooling tower drift. 
1.2 Literary Review 
The existing thermal modeling techniques include approximation of the 
droplet distribution for estimating the heat transfer.  At this time, a detailed 
analysis has been performed using finite element analysis of a couple 
neighboring drops.  A detailed mathematical model for growth of the individual 
droplet at the scale of an entire surface and its impact on surrounding droplets 
6 
currently does not exist. A thorough understanding of dropwise condensation will 
allow the development of the special condensers required thermal desalination 
processes especially new developed technologies such as vacuum and 
sweeping gas membrane distillation [3–5]. This process requires to use of a 
condenser at the second stage to produce fresh water and the surfaces studied 
here can be used effectively. Dropwise condensation has the potential to recover 
more water from wet cooling tower drift by increasing the rate of heat transfer at 
the condensing surface [6–8].  This would not affect cooling tower temperatures.  
The increased performance offered by dropwise condensation also has the 
potential to increase condenser efficiency by allowing a higher heat transfer rate 
per surface area.  Condensers could also have the required temperature 
difference reduced while enhancing performance. Any improvement in 
condenser performance can increase large thermal power plant efficiencies 
which results in significant energy saving and lessen environmental impacts.  
One of the first to present details about dropwise condensation was for 
Schmidt, et al. [9] as early as the 1930’s.  Dropwise condensation heat transfer 
is of significant scientific importance because of the potentially larger heat 
transfer it offers when compared to what is possible with film wise heat transfer.  
Recently dropwise condensation has had increased scientific interest due to the 
potential for water conservation particularly with respect to cooling tower drift, 
water purification, improved condenser performance, and desalinization [10–12].  
The Namib Desert beetle harvests moisture from the air for survival  by utilizing 
a combination of hydrophilic and hydrophobic surfaces [13,14].   The potential for 
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creating a bio-mimic device based on the Stenocara beetle has reinforced the 
view that water harvesting from humid air is a feasible solution. 
Models for net heat transfer have been developed since the mid 1960's 
using scaling to apply the heat transfer of an individual droplet where the scaling 
predicts the surface density of the droplets [15].  The scaling approximations 
assume a constant distribution of droplet size on the surface and based on the 
expected droplet size distribution and quantity of droplets, the heat transfer is 
calculated.  Several scaling approximations have been developed  [16–21].  The 
scaling models attempt to predict the heat transfer rate based on an expected 
surface coverage.  These models are crude approximations of the heat transfer 
phenomenon and fail to take into account the common occurrence of droplets 
rolling off the surface and creating a free area for new droplets to nucleate.  These 
models also do not take into account the nucleation rate of the surface.  The 
removal of droplets from the surfaces has a significant impact on the heat transfer 
rate and needs to be accounted for because large droplet size and high quantity 
results in heat transfer similar to a film surface.  Scaling models and the existing 
thermal models for heat transfer associated with an individual droplet do not 
include an equivalent thermal resistance due to diffusion.  The lack of details 
provided in the scaling model requires performing experimental analysis to 
establish actual mass collection and drainage ratio.  The scaling model performs 
more as a check to confirm the results of the experimentation.  The only existing 
model comparable to the model presented here is a finite element type analysis 
which evaluated a couple adjacent drops [22].  A more comprehensive model is 
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required to allow optimization prior to experimentation such that the experiment 
simply confirms the expected optimization for the system [23].   
A model for heat transfer of the individual droplet was developed by Kim 
and Kim [16].  The model developed by them includes the thermal resistance due 
to the liquid of the droplet, the capillary effect, and the surface.  The model does 
not account for any impact due to mass diffusion of the water vapor.   Some 
attempts have been made to address diffusion indirectly through humidity [24]. 
Rykaczewski noted that there are two types of droplet growth modes [25].  The 
droplets can grow using a constant contact angle, effectively changing only the 
droplet radius, or they can grow with a varying contact angle where the base size 
increases in a step like fashion once the droplet reaches a maximum contact 
angle with the surface. Rykaczewski observed that on highly hydrophobic 
surfaces the drops grew using the constant base size mode up to approximately 
a micrometer.  Kim and Kim [16] showed that for droplet sizes less than 10 
micrometers, constant base droplet growth could result in significantly higher heat 
transfer than drop growth in constant contact angle mode. Peterson et al. 
developed an equivalent thermal resistance due to diffusion in the presence of 
non-condensable gasses [26].  The model works well for small temperature 
differences but breaks down for larger temperature differences due to the 
variation in the specific volume of the vapor.  It was further enhanced by Herranz 
et al. to address the variation in specific volume [27].   
Droplets on a surface grow at a slower rate than those in free space due 
to the restriction on the diffusion layer created by the surface.  Picket and Bexon 
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developed a factor for evaporation of droplets on a surface [28].  Assuming this 
process is inversely applicable [29] the factor can be applied to condensing 
droplets unimpaired by neighboring drops to account for the impeded droplet 
growth due to the surface [22].  The Picket and Bexton factor utilize the droplet 
surface contact angle to establish the proper correction factor.   
This work develops a much more comprehensive thermal model of 
dropwise condensation.  The thermal model developed here is from the droplet 
perspective.  By modeling each individual droplet, the net impact at the surface 
level is calculated.  A base framework is developed for laminar flow identifying 
three stages of droplet growth.  The thermal resistance of the droplet developed 
by Kim and Kim is enhanced to account for an equivalent thermal resistance due 
to diffusion.  The droplet growth mode is modeled as constant base as identified 
by Rykaczewski to properly account for droplet growth when droplet size is less 
than 10 micrometers.  Picket and Bexon’s work is adapted here to account for 
the surface and neighboring droplets restricting the growth of the individual 
droplet.  Unlike the other models, the model developed here includes an 
equivalent thermal resistance due to diffusion for the individual droplet.  In most 
instances’ diffusion is the primary source of resistance to droplet growth.  The 
inclusion of an equivalent thermal resistance due to diffusion creates a much 
more complete thermal model for the evaluation of droplet growth.  The droplet 
is modeled from the time of nucleation until it rolls off the surface for mass 
collection.  The model’s unique attributes include taking into account nucleation, 
droplet growth, coalescence, evaluating thousands of drops simultaneously and 
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any additional mass collection by contacting other droplets as the droplet rolls off 
the surface.  Thermal modeling can provide detailed mass collection, mass on 
the surface, net heat transfer and potentially allow for system optimization.   
The developed thermal model is validated using available experimental 
results considering vertical surface, fluid flow is driven by natural convection and 
constant surface temperature 10°C below saturation temperature.   
Dropwise condensation can be maintained using a fully hydrophobic 
surface or mixture of hydrophilic and hydrophobic surfaces.  Fully hydrophobic 
surfaces are limited by the nucleation rate, which is constrained by the highly 
hydrophobic surface contact angle.  For such reason, mixed hydrophilic and 
hydrophobic surfaces have been the focus of research.  The hydrophilic sites 
provide a location for minimal resistance to droplet nucleation and the 
hydrophobic surface aids in droplet removal.  This approach to dropwise 
condensation is based on the water collection method of the Stenocara 
beetle.[13,14]  The beetle has randomly placed hydrophilic nodules ranging from 
0.5 to 1.5 mm in diameter on its hydrophilic wings.[30]  Patterns based on the 
beetle mixed surface have been shown to condense as much as 5 g/(cm2 h).[31]  
Several surfaces have been developed and tested based on the Stenocara 
beetle.[11,32–34]   
At present, there is no comprehensive method for analyzing a mixed 
hydrophilic and hydrophobic surface.  Heat transfer for the individual droplet has 
been evaluated.[16,25]  These heat transfer models are incomplete because they 
do not include any impact from diffusion and the associated impact of the 
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surrounding drops.  A complete model will allow evaluation of surface 
configurations and experimental validation and then optimization of surface 
configuration based on environmental conditions.  Thermal modeling is generally 
approximated using scaling techniques to estimate the heat/mass transfer based 
on the heat transfer capabilities of the droplet.[1,21,35]  Typically experiments 
are performed under various conditions to determine the performance of 
patterns.[23,31,32]   
The thermal model developed for heat transfer on a highly hydrophobic 
surface can be modified to for a mixed surface.  The model includes thermal 
resistance due to the droplet, surface, surface coating, capillary effect, liquid 
vapor interface and includes an equivalent thermal resistance associated with 
diffusion.  This work will modify the model for controlled nucleation sites on 
hydrophilic nodules, and adjust the model for roll off from a fixed base nodule 
size.  This model will provide a detailed thermal analysis at the individual droplet 
level which will aid in understanding the heat transfer process and help to identify 
where heat transfer can be improved. 
A detailed thermal model for mixed hydrophilic and hydrophobic surfaces 
is also developed which can be applied under various flow conditions with 
different surface patterns. The thermal model will be benchmarked against 
published data.  The impact of nodule size and boundary layer thickness based 
on flow rate and Reynolds number are then examined to see their impact on mass 
transfer and the overall condensation process.  
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1.3 Dissertation Outline 
In this work a thermal model has been developed for modeling 
condensation on mixed hydrophilic and hydrophobic surfaces.  The model is 
developed in stages.  Chapter 2 establishes a thermal model for highly 
hydrophobic surfaces.  This is the first step in developing the model.  Details of 
how the model is applied in a simulation are specified in Chapter 3.  To prove the 
initial concept the model is validated against published data in Chapter 4.  
Chapter 5Chapter 5 -  details how the model is modified for a mixed hydrophilic 
and hydrophobic surface.  Chapter 5 also details how the surface boundary layer 
thickness is calculated for natural convection, laminar and turbulent flow regimes.  
The mixed surface model is first validated against published data and then used 
for optimization under flow conditions similar to that of the experimental data as 
part of Chapter 6. 
13 
Chapter 2 -  Thermal Model for Hydrophobic 
Surfaces 
  
14 
The primary focus of this work is the development of an equivalent thermal 
resistance due to diffusion for dropwise condensation in the presence of non-
condensable gasses for moist air flow over a vertical condensing surface.  The 
equivalent thermal resistance due to diffusion can then be combined with the 
thermal resistances associated with droplet growth.  This creates a thermal model 
for highly hydrophobic surfaces that are used to predict heat transfer and mass 
collection accurately based on environmental conditions and surface properties.   
At each time step, the droplets are evaluated in the sequence shown in 
Figure 1 starting with droplet nucleation and culminating with mass collection 
before repeating the process.  
 
 
 
 
 
 
 
 
 
Figure 1:  Droplet growth process 
 
The nucleation process is based on classical nucleation theory, which 
focus on the minimum energy required to convert the vapor into liquid, create the 
liquid/vapor interface.  The energy balance approach to nucleation also creates 
a minimum nucleation radius for droplet nucleation.  The minimum nucleation 
Nucleation Growth Coalescence Collection 
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radius occurs at a maximum in the in the energy balance as a function of drop 
radius.  The minimum nucleation radius is where droplet growth begins.   
The proposed droplet growth model breaks down the growth into three 
stages based on the diffusion boundary layer as shown in Figure 2.  This 
breakdown is required due to the spherical diffusion for an essentially isolated 
drop when the droplet is small.  As the droplet grows its diffusion boundary layer 
is impacted by surrounding droplets and the diffusion boundary layer of the 
surface.   Eventually, the droplet grows to the point where the diffusion to the 
droplet is entirely controlled by the surface diffusion boundary layer.  Assuming a 
spherical geometry of the droplet, the thermal resistance due to the droplet, 
liquid/vapor interface, and surface have been established previously.  This work 
establishes an equivalent thermal resistance due to diffusion at the various 
stages of droplet growth, creating a complete thermal picture for an individual 
droplet.  Having established the growth of an individual droplet, this permits the 
evaluation of each individual droplet to formulate a complete picture of the 
surface as a whole.  This assumes that diffusion to an individual droplet is 
symmetrical and that the allotted diffusion area of the surface is proportional to 
the droplet radius.   
Droplet coalescence is evaluated based on physical contact of the 
individual droplets.  When two droplets are found to come in contact, the two old 
droplets are replaced with a new droplet equaling the total mass of the old 
droplets and placed at the center of mass of the two old droplets.   
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Mass collection is based on the mass of the droplet overcoming the 
surface tension permitting the droplet to roll off the surface.  When the mass 
overcomes the droplet surface tension the drop is removed from the surface and 
added to the total collected mass.  In addition to the rolling droplet mass, any 
droplet vertically under the rolling droplet is also removed from the surface and 
added to the mass collection.   
2.1 Assumptions 
1. Droplets are sufficiently small to maintain spherical droplet geometry.  This 
assumption is met as long as the droplet radius is less than the capillary length 
at all times [36].  Drops of this size would occur with a nodule size greater 
than approximately 4 mm or a hydrophobic surface contact angle less than 
60 degrees. 
2. Picket and Bexon factor for evaporation of droplets is inversely applicable to 
condensing droplets unimpaired by neighboring.  This condition holds true as 
long as drop spacing is maintained approximately equal to the diffusion 
boundary thickness. 
3. The equivalent thermal resistance of Diffusion is the primary source of thermal 
resistance allowing the use of surface temperature to be the same as the 
water temperature. 
4. Surface diffusion boundary layer due to flow is planar.  This is generally true 
as long as no surface protrusions impact the laminar or turbulent flow path. 
5. Placement of droplets on the surface will create a unique diffusion shape 
through the planar diffusion boundary layer.  For simplification of the 
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mathematics it is assumed that each droplet has a circular diffusion area on 
the boundary layer diffusion plane.   
6. There is a high percentage of non-condensable gasses.   
7. Thermal load due to temperature change of non-condensable gasses and 
liquids is negligible compared to the thermal load due to the latent heat of 
vaporization. 
2.2 Droplet Heat Transfer 
The drop growth model assumes the geometry of a spherical cap.  The 
thermal energy required to reduce the temperature of the liquid several degrees 
is negligible when compared with the energy due the stage change such that 
 Q = hρ V(r, θ) (1) 
where ρ  is the density of the liquid and V(r, θ) is the volume of the droplet as a 
function of droplet radius and contact angle.  Based on the ideas presented by 
Rykaczewski [25], the droplet heat transfer rate is calculated by: 
q& = &'&( = )hρ * &+(,,-)&(   (2) 
 The approach neglects the thermal energy due to cooling of the liquid 
which is significantly less than the latent heat of fusion.  The model takes into 
account the thermal resistance at the liquid-vapor interface (∆T/), the capillary 
depression (∆T012), conduction through the droplet (∆T&,32), the conduction 
through the hydrophobic coating (∆T031(), and the conduction through the 
substrate coating (∆T4	).  The individual thermal resistances are calculated as 
follows[16,25]: 
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∆T/ = q& 2πh/r7(1 − cos θ)⁄  (3) 
∆T&,32 = q&θ 4πk sin θ⁄   (4) 
∆T012 = 2T1(σ B ρ hr⁄ = r/C r⁄ ∆T (5) 
∆T031( = q&δ031( πr7k031( sin7 θ⁄  (6) 
∆T4	 = q&δ4	 πr7k4	 sin7 θ⁄  (7) 
The total temperature difference between the surface of water and the substrate 
is calculated by [16,25] 
∆T =  ∆T/ + ∆T&,32 + ∆T012 + ∆T031( + ∆T4	 (8) 
This results in a heat transfer rate equal to: 
q&(r/, θ) = ∆Tπr/
7 E1 − r/Cr/ F12h/(1 − cos θ) + r/θ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ
 (9) 
where, r/ is the radius of the droplet, θ is the droplet surface contact angle, k  is 
the thermal conductivity of the liquid, δ031( is the superhydrophobic surface 
coating thickness, k031( is the thermal conductivity of the superhydrophobic 
surface coating, δ4	 is the substrate thickness, k4	 is the substrate thermal 
conductivity, and h/ is the heat transfer coefficient between the liquid and vapor 
which is calculated by [2,25]: 
h/ = G 2σ2 − σH ρ h
7
TBRB I M
 B2πTBRBJ
K7
 (10) 
where σ is the is accommodation coefficient that is 0.8 [35].  
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2.2.1 Diffusion 
Existing scaling models generally approximate diffusion by estimating an 
equivalent diffusion rate based on a projected film thickness for the fluid.  Based 
on the estimated film thickness the diffusion rate is calculated and distributed to 
the droplets.  This paper proposes three different stages of droplet growth when 
taking into account diffusion on a surface as a unique approach.  The three stages 
are depicted in Figure 2.  The initial stage of diffusion growth is when the droplet 
is sufficiently small that neighboring drops do not influence its growth.  The final 
stage of droplet growth occurs when the diffusion boundary layer is completely 
controlled by the mass flow over the surface and neighboring droplets.  The 
intermediate stage of diffusion growth is the transition from the initial stage to final 
stage combining both models.   
 
 
 
 
 
 
 
 
Figure 2:  Diagram of diffusion growth during each stage 
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2.2.1.1 Initial Stage Diffusion 
After initial nucleation, the drop essentially grows similar to an isolated 
drop on a surface.  Picknett and Bexon [22,28] developed a model droplet growth 
based on a spherical drop growing in free space.  The model develops a ‘f’ factor 
that reduces the diffusion due to the surface and is dependent on the surface 
contact angle of the droplet.  The isolated droplet when limited by diffusion grows 
according to: 
V = G 3πF(θ) H
K7 [ 4πD3ρ RBT1B] (PQ − P1()f`
a7 ta7 (11) 
where θ is the droplet surface contact angle, D is the diffusion constant, PQ is the 
bulk vapor pressure, T1B] is the average vapor temperature, t is time, F(θ) is a 
function of the contact angle used to calculate the droplet volume where[37]:  
F(θ) = (2 + cos θ)(1 − cos θ)7 (12) 
f is the Picket and Bexon factor which reduces the droplet growth rate due to the 
close proximity of the surface which is calculated as shown in the Table 1.   
θ < 10° f = 0.5(0.6366θ + 0.09591θ7 − 0.06144θa) 
θ ≥ 10° f = 0.5(0.00008957 + 0.6333θ + 0.116θ7 − 0.08878θa
+ 0.01033θm) 
Table 1:  Picket and Bexon Factor (f) 
Rearranging equation (11) results in the following equation: 
V7a = G 3πF(θ) H
Ka [ 4πD3ρ RBT1B] (PQ − P1()f` t (13) 
Equation (13) is differentiated with respect to time resulting in: 
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dVdt = 32 VKa G 3πF(θ) H
Ka [ 4πD3ρ RBT1B] (PQ − P1()f` t (14) 
Rearranging the droplet volume equation[37]: 
V = (F(θ)πr/a)/3 (15) 
to the form:  
rO = VKa G 3πF(θ)H
Ka
 (16) 
Equation (16) can be substituted in equation (14)  and multiplying by the density 
of water and the latent heat of vaporization to convert to heat transfer results in: 
q& = 2πr/DfhRBT1B] (P	 − P/) (17) 
where P	 is the bulk vapor pressure, P/ is the vapor pressure at the liquid/vapor 
interface and T1B]  is the average between T/  and T	.   
Using a modified Clausius-Clapeyron equation developed by Peterson et 
al. [26,38], the pressure difference is: 
P	 − P/ = hc1B]P( (T	 − T/) RBT1B]7⁄  (18) 
where c1B] is the average concentration of vapor, P( is the total gas pressure, T	 
is the bulk saturation temperature, and T/ is the interface saturation temperature. 
P( varies approximately by a factor of 4 with the specific volume of water vapor in 
the 25-100°C range.  This can be corrected for by replacing T1B] with T	 × T/ [27].  
Combining equation (17) with equation (18) and solving for the temperature 
difference results in the following equation for ∆T&,32q/: 
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∆T&,32q/ = q&RB7 T1B]T	T/2πrDfh7 P(c1B] (19) 
Equation (19) developed in this paper provides a means of calculating the 
equivalent thermal resistance due to diffusion in the presence of non-
condensable gasses.  A unique advantage of this equation is the large range of 
temperatures that the equation is applicable over.   
The vapor concentration around the droplet is [39]: 
c = )r/c/(r	 − r) + r	c	(r − r/)* )r(r	 − r/)*r  (20) 
where c/ is the vapor concentration at the liquid/vapor interface, c	 is the bulk 
vapor concentration, r	 is the radius from the droplet to the closest point where 
the vapor concentration equals the bulk vapor pressure or the radius to the 
spherical diffusion boundary layer, and r is any radius between r/ and r	.  
Integrating the concentration determines the average value of the concentration: 
c1B] = ∭ cr7  sin φ dr dφ dθ
,t,u,t,v 43 πr	a − 43 πra  
c1B] = r	a)r/c/ + c	(2r	 − 3r/)* − r/a(c/(3r	 − 2r/) − r	c	)4(r	 − r/))r	a − r/a*  
 
 
(21) 
Using equation (15), the water mass that has condensed in the droplet is 
calculated by the density of water: 
M03C& = ρ × π(rO)a)2 + cos θwxyz*)1 − cos θwxyz*7 3⁄  (22) 
The contact angle created by the spherical diffusion boundary layer, r	 is 
evaluated by: 
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φ = π − cos)r/ × cos{K)θ&,32* r	⁄ * (23) 
Combining the ideal gas equation, the volume of the droplet, V)r/, θ&,32*, and 
volume of the diffusion boundary layer, V(r	, φ), the mass that has condensed 
inside the droplet diffusion boundary layer radius Mavail is: 
M1B1/ = c	P(V)r/, θ&,32*RBT1B] +
(c	 − c1B])P( EV(r	, φ) − V)r/, θ&,32*FRBT1B]  (24) 
The value for r	 is initially assumed to be 1.001 × r/ and incrementally increased 
by 0.001 × r/ until M03C& equals M1B1/ . For unchanging environmental conditions, 
r	 is proportional to r/. 
 The detailed thermal modeling of the droplet developed here provides 
sufficient information for us to approximate the impact the droplet has on the 
humidity in its surrounding environment so that the average humidity 
concentration can be calculated and will be used to determine when droplet 
growth transitions to the intermediate stage. 
The thermal resistance due to initial stage diffusion is equation (19) 
combined with the thermal resistance of the droplet equation (9) and results in 
the following heat transfer: 
q&(r/, θ)
= ∆Tπr/7 E1 −
r/Cr/ F12h/(1 − cos θ) + r/θ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ + RB
7T1B]T	T/r/2Dfh7 P(c1B]
(25) 
24 
2.2.1.2 Final Stage Diffusion  
When the temperature difference is sufficiently large, diffusion controls 
long-term droplet growth.  The mass flux to the droplet during the final stage is: 
m &,32 = A&,32D(dc dr⁄ ). (26) 
where A&,32 is the surface area of the droplet, which is calculated as: 
A&,32 =  r/7 sin θ dθ dφ =
t{,-t
t,-t
4φr/7 (27) 
where, φ is the angle of diffusion measured from the vertical axis and  θ is the 
angle in the horizontal axis, which is assumed to be symmetric in all directions.   
Equation (26) requires differentiating equation (20) with respect to the droplet 
radius, which results in: 
dcL = r/r	(c	 − c/)r7(r	 − r/)  (28) 
The mass transfer to an individual drop is evaluated by combining (26), with 
equations (27) and (28) where: 
m &,32 = 4φD r	r/r	{r/ GP	 − P/RBT1B]H (29) 
Diffusion to a drop on a surface experiences reduced growth compared to 
a droplet in free space.  Pickett and Bexon [28] developed a factor, f, to account 
for the reduced growth.  As developed by Pickett and Bexon, the interface 
between the surface and the droplet establishes the angle used to determine f.  
Using a modified Clausius-Clapeyron, equation (18), the pressure difference can 
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be converted to a temperature difference.  Combining equations (18) and (29) 
with the Picket and Bexon factor results in: 
m = 4φDf r	r/r	{r/ I
hc1B]P(RB7T1B]T	T/J (T	 − T/) (30) 
where the average concentration, c1B],  is defined by equation (21).  Equation 
(30) must be multiplied by the latent heat of fusion and rearranged to determine 
the temperature drop due to diffusion and is as follows: 
∆T&,32q/ = q&RB7T1B]T	T/(r	 − r/)4φr	r/Dfh7 P(c1B]  (31) 
The mass transfer equation developed hear can be used in the presence of non-
condensable gasses and is accurate over a large range of environmental 
temperatures.  This equation differs from the equations developed for the initial 
stage growth because it is applicable when there is a defined boundary condition 
for diffusion.  The thermal resistance due to final stage diffusion is equation (30) 
combined with the thermal resistance of the droplet equation (9) and results in 
the following heat transfer: 
q&(r/, θ)
= ∆Tπr/7 E1 −
r/Cr/ F12h/(1 − cos θ) + r/θ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ + πLO7bR/C1 
 
(32) 
where: 
R/C1 = )ϕ − ϕ{K* r	,r/r	,{r/
C
tK
 (33) 
and 
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b = 4Dfh7 P(c1B]RB7 T1B]T	T/  (34) 
2.2.1.3 Intermediate Stage Diffusion 
Intermediate stage diffusion developed as part of this paper is a stage 
between initial and final stages and enables a smooth transition of growth 
between the two modes of droplet growth.  At some point as the isolated droplet 
grows water vapor will be required to diffuse across the diffusion boundary layer 
of the surface.  Once water vapor is required to pass through the diffusion 
boundary layer of the surface, intermediate stage diffusion triggers.  This 
transition will occur when the spherical diffusion boundary layer, r	, exceeds the 
flow diffusion boundary layer, δ.  The intermediate stage droplet growth combines 
both initial and final stage growth proportionally.  The thermal resistance due to 
diffusion of the isolated drop is decreased in proportion to the surface area 
extended beyond the diffusion boundary layer as follows: 
Ratio = 1 − ϕ1θ  (35) 
where 
ϕ1 = tan{K(a δ⁄ ) (36) 
and θ is the droplet surface contact angle.  The thermal resistance due to diffusion 
from the surface diffusion boundary layer is calculated based on the cross-section 
area created by the surface diffusion boundary layer passing through the 
droplet’s spherical diffusion layer.  The radius of the circular cross section is 
a = )r	7 − δ*K 7r  (37) 
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Calculate the thermal resistance during intermediate stage diffusion as follows: 
1R/C(], = R
B7 T1B]T	T/Ratio2πrDfh7 P(c1B] +
RB7T1B]T	T/)4Dfh7 P(c1B]* G ∑ )ϕ − ϕK* r	,r/r	,{r/Ct H
 
(38) 
Combining equations (9) and (38) results in the overall heat transfer equation for 
the droplet: 
q&(r, θ)
= ∆Tπr7 E1 − r/Cr F12h/(1 − cos θ) + rθ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ + πr7R/C(],
 
(39) 
Intermediate stage heat transfer continues until the heat transfer in the final stage 
is less than the heat transfer during the intermediate stage.  During the final stage, 
diffusion through the surface boundary layer completely controls droplet growth. 
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Chapter 3 -  Nucleation, Growth, Diffusion 
and Coalescence Model for Droplets 
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The chapter details the application of the thermal model and other 
supporting aspects for the model.  The supporting aspects of the model are not 
of themselves unique, but the application of these aspects are unique.  
Nucleation calculations for a highly hydrophobic surface have not been previously 
applied and are briefly discussed here because the nucleation rate has been well 
developed for other areas of research.  Coalescence is not part of other models 
and is simply developed here based on the center of mass of the droplets and 
conservation of mass. Water collection is not part of other existing models and is 
briefly described here based on other areas of research to provide a complete 
model for droplet growth on a highly hydrophobic surface. 
The numerical method is broken down into four basic functions.  Drops are 
first nucleated.  Then the growth for each drop is calculated followed by 
coalescence.  Each time that the model finds that coalescence has occurred, the 
model checks for coalescence again.  Once no more coalescence has been 
found each drop is checked to determine if it is large enough to roll off the surface.  
This process is repeated for each time step.  The discrete model is primarily 
based on a time step. The size of the time step only impacts the frequency in 
which the droplet is checked for coalescence and for when it will roll off the 
surface.  The droplet growth is evaluated based on a maximum change in contact 
angle.  The incorporation of a maximum change in contact angle is crucial 
because of the high droplet growth rate after initial nucleation.   
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3.1 Nucleation 
Presently, there are no dropwise condensation models that include 
nucleation.  There are two general categories of nucleation models, classical and 
statistical nucleation.  The classical nucleation model was first proposed in late 
1920's and is based on the macroscopic thermodynamic properties  of the fluid 
[40,41].  More recently statistical models based on molecular dynamics have 
been developed to predict nucleation rates [42].  The molecular dynamic models 
require sophisticated computation and may not always be useful for macroscopic 
predictions.  The classical nucleation theory has been shown to be reliable 
predictor of the nucleation rate for water [43,44].  Classical nucleation theory 
[2,43] presents the expression for nucleation rate as:  
J = V )F(θC40)*(1 − cos θC40)8 G2F-σ BNπM H
K7 G PBRBTBH
a GNM H
7a
×  exp
⎝
⎜⎛
−16π Iσ B)F(θ)*kTB J
a GM V N H
7
3 Eln E PBP1(FF
7
⎠
⎟⎞ 
(40) 
where F(θC40) for a spherical cap is defined by equation (12), θC40 is the angle of 
nucleation, σ B is the surface tension between the liquid and air, N is Avogadro’s 
number, M  is the molar mass, PB is the vapor pressure of the bulk fluid, RB is the 
gas constant for the vapor, TB is the temperature of the bulk fluid, V  is the volume 
of the liquid being nucleated, k is the Boltzmann’s constant, and P1( is the 
saturation vapor pressure of bulk the fluid.  The nucleated drop must meet the 
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minimum drop radius for thermodynamic equilibrium.  Based on the ideas 
presented by Carey, et. al [2,16,25], the minimum radius is calculated as 
r/C = 2V σ BT h(T1( − T )⁄  ( 41 ) 
where  T  is the temperature of the liquid which is assumed to be surface 
temperature,  h is the latent heat of vaporization of the liquid, and T1( is the 
temperature of saturation of the bulk flow. 
Using equations (40) and ( 41 ) the nucleation rate and size is determined 
for each time step.  During the first timestep nucleation is repeated until an onset 
nucleation number of droplets are on the surface.  Nucleation is repeated during 
the first timestep to simulate onset nucleation.  The adequacy of the onset 
nucleation number is based on the rate of heat transfer, mass on the surface 
number of drops.  The onset nucleation number is increased until it begins to 
show signs of a spike in heat transfer rate, mass on the surface or number of 
drops on the surface above the steady state conditions.  After the initial time step 
the nucleation rate is held constant for each remaining time step based on 
equation (40). 
3.2 Droplet growth 
Droplet growth consists of two basic modes.  The droplet can have a fixed 
contact angle with the surface and the radius changes over time.  The droplet 
could also grow with a fixed contact area with the surface and have a varying 
contact angle changing the radius until it reaches a maximum contact angle.  The 
base increases in size once the maximum contact angle is reached and starts 
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the process over again.  Constant contact angle and constant base droplet 
growth modes are shown in Figure 3. 
 
 
 
 
 
 
Figure 3:  Various stages of a droplet growth are shown.  a) shows constant 
contact angle growth.  b) shows constant base growth. 
  
It has been shown that on highly hydrophobic surfaces droplets less than 
10 micrometers in diameters grow using the step process and this results in a 
significantly higher heat transfer rate [25,45].  The rate of change in contact angle 
is calculated by 
dV(θ)/dt=(dV/dθ)(dθ/dt) (42) 
where: 
r = d	1] (2 sin θ)⁄  (43) 
is substituted into the droplet volume to eliminate dependency on the droplet 
radius.  The change in contact angle over time is calculated as  
dθ dt⁄ = q& Ehρ(dv dθ⁄ )F⁄   (44) 
where: 
dV dθ⁄ = πd	1]a E)1 − (cos θ)*7 (8 sinm θ)r F  (45) 
Based on the results that Konrad presented, it was assumed that the angle varied 
from a maximum of: 
a) b) 
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θ1 = (θ1 + θ,) 2⁄   (46) 
to a minimum angle of: 
 θ/C = ((θ1 + θ,) 2⁄ ) − 0.2  (47) 
until the droplet radius reached as size of 1 micrometer.  At which point the 
contact angle range was reduced such that: 
θ/C = ((θ1 + θ,) 2⁄ ) − 0.0000002/r/  (48) 
This effectively restricts the steps size such that heat transfer in the constant base 
model is very similar to the constant base model for droplet radii greater than 10 
micrometers.   
After nucleation the initial droplet growth rate is very high.  The high droplet 
growth rate can be addressed two ways.  One option is to use very small 
timesteps.  Small time steps would provide more precise data about coalescence 
and droplet removal of the surface, but would by very calculation intensive. The 
other option ins to include a maximum change in the contact angle, ∆θ, reducing 
the accturacy and duration that the program will run.  Figure 7, Figure 10, and 
Figure 13 show that droplet growth will take over 140 seconds before it is large 
enough to roll off the surface.  At a time step of 1 second, this would introduce 
only a 0.7% error to reduce computational time.  Due to the minimal impact on 
the accuracy of the calculation, a maximum change in contact angle is included 
in the model.   
3.2.1 Droplet Diffusion Simulation 
The equation (32) is based on spherical diffusion.  Diffusion to the surface 
is constrained in a flat plane.  A finite approach is used to approximate the 
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spherical diffusion to the diffusion boundary layer of the surface.  The diffusion 
boundary layer thickness, δ	, for a flat plate is [46]: 
δ	 = )3(xμ1 UQ⁄ )K 7⁄ * )(μ1 D⁄ )K a⁄ *r  (49) 
where x is the distance past the temperature discontinuity, UQ is the bulk fluid 
flow and μ1 is the kinematic viscosity of air.   
Finite sections of the spherical diffusion area can be approximated in the 
planer diffusion area by limiting the spherical radius to be a maximum Δh from 
the diffusion boundary layer.  The drop diffusion boundary layer approximates a 
flat surface when examining finite sections around the diffusion boundary layer 
such that r	 is never more than Δh from the diffusion boundary layer: 
 δ = δ	 + r/  (50) 
shown in Figure 4. 
 
 
 
 
 
 
 
Figure 4:  Final Stage Diffusion Approximate Integral Diagram 
The spherical boundary layer thickness is evaluated based on the size of 
the droplet and available condensed vapor in the air using equations (22) and 
(24) using the same process described for initial stage diffusion.   
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If δ is greater than r	, then the droplet is in initial stage diffusion and the 
heat transfer can be calculated explicitly using equations (25) and (44).  If δ is 
less than r	, then droplet growth could either be intermediate or final stage 
diffusion.  The maximum diffusion radius is determined by establishing an 
allotted portion of the total surface area based on the ratio of drop radius vs. the 
total surface area such that: 
a1 = EA4,r&,32 Eπ  rFr F. (51) 
where A4, is the total surface area, ∑ r is the summation of all droplet radii on 
the surface, and r&,32 is the radius of the individual drop being evaluated.  
Maximum diffusion radius greater than δ have been shown to have minimal 
impact for equally sized drops of equal spacing [22].  To speed computation for 
low drop densities, the maximum diffusion radius has been conservatively limited 
to 3 x δ. a1 is used to calculated ϕ1 for final stage diffusion such that: 
ϕ1 = tan{K(a1 δ⁄ ) (52) 
 The process for conforming the spherical diffusion profile to the planer 
diffusion of the surface is performed by initially calculating the spherical diffusion 
boundary layer: 
r	,K = (δ)(1 + ∆h) (53) 
Using the initial diffusion boundary layer thickness, r	,K, the limiting angle 
associated with the initial finite section is calculated by: 
ϕK = cos{K))δ(1 − ∆h)* r	,Kr * (54) 
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and ϕ =0.  Knowing ϕ, ϕK and r	,K the first sum can be calculated for equation 
(33). Using ϕK, r	,7 can now be calculated as: 
r	,7 = (δ)(1 + ∆h) cos ϕK⁄  (55) 
Using r	,7, ϕ7 can now be calculated as: 
ϕ7 = cos{K))δ(1 − ∆h)* r	,7r * (56) 
Now the second sum can be calculated in equation (33) using ϕK, ϕ7 and r	,7.  
ϕC is repeatedly calculated until it is equal to ϕ1.  ϕ1 is less than  ϕC, then 
ϕC= ϕ1.  Once the angle of ϕ1 is obtained, the summation is complete.  The 
calculation of ϕC and r	,C are summarized in Table 2 for use with equation (33).  
ϕ=0 (57) 
r	,K = (δ)(1 + ∆h) (58) 
ϕK = cos{K))δ(1 − ∆h)* r	,Kr * (59) 
r	,C = (δ)(1 − ∆h) cos ϕC{K⁄  (60) 
ϕC = cos{K))δ(1 − ∆h)* r	,Cr * (61) 
Table 2:  Model Equations for the Spherical Droplets on the Surface 
 
3.3 Coalescence 
Coalescence is not required for the existing assumed droplet profiles 
which evaluate the heat transfer of a surface.  Coalescence is required for the 
model presented here, but is not a focus and does not require a high degree of 
precision because it will not impact the heat transfer of the surface.  Coalescence 
is checked by calculating the distance between the center of two droplets and if 
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the distance between the two droplets is less than the sum of the two radii, then 
the droplets coalesce.  This is expressed mathematically as follows: 
rK + r7 ≤ (xK − x7)7 + (yK − y7)7 + (zK − z7)7   (62) 
Where rK, xK, yK, and zK are the radius, x position, y position and z position of the 
first droplet.  r7, x7, y7, and z7 are the radius, x position, y position and z position 
of the second droplet.   
The new drop forms at the center of mass of the two old drops and the 
total volume of the two old drops equals the total volume of the new drop.  Such 
that the drop volume is calculated by  
V&,32 = )(2 + cos θ)(1 − cos θ)7*πra 3⁄    (63) 
Where N is the droplet contact angle and r is the droplet radius.  Both coalescing 
droplets are of the same density, therefore the density can be ignored such that 
the new position of the droplet is calculated by 
X ]¡_&,32 = )X&,32KV&,32K + X&,327V&,327* )V&,32K + V&,327*r    (64) 
Where X&,32K is the position of the first drop, X&,327 is the position of the second 
drop, V&,32K is the volume of the first drop, and V&,327 is the volume of the second 
drop.    
During each time step, droplets are evaluated for coalescence.  The check 
for coalescence is repeated until no coalescence is found. 
3.4 Mass Collection 
The scaling models do not require mass collection.  This model evaluates 
when a droplet would roll off the surface based on when gravity will overcome the 
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surface tension of the droplet.  Any drop greater than r0,/( rolls off the surface [37] 
where, 
r0,/( =
)3 sin θ1B]σ(cos θ, − cos θ1) )(2 + cos θ1B])(1 − cos θ1B])7ρg sin α*⁄ *  (65) 
Any drop greater than r0,/( is removed from the surface and the mass is added to 
the total collected mass along with any additional drops located vertically below 
the rolling drops original surface contact area.  Droplets located vertically below 
the droplet are evaluated based on droplet radii and the distance between the 
two droplets.  After the droplet has been confirmed to be vertically below the 
rolling droplet by assuming that (yK − y7)7 portion of equation (62) equals zero 
because at some point in time during the roll off from the surface yK = y7.  This 
results in the following equation for evaluation of droplets to be removed from the 
surface with rolling droplets: 
rK + r7 ≤ (xK − x7)7 + (zK − z7)7   (66) 
3.5 Physical Properties 
As part of the model several physical properties of water and air were 
required to perform the calculations.  The physical properties were curve fit to 
permit simple adjustment based on temperature during the simulation.  The curve 
fit equations are provided in Table 3.   
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Property Equation 
Water vapor pressure 
(Pa, °C) 
P = 611 × 10))¤.(¥{7¤a.K)* )7a¤.a(¥{7¤a.K)*r * 
Water density 
(kg/m3, °C) 
ρ = 0.00001595Ta − 0.01904T7 + 6.854T + 223.3 
Air Density 
(kg/m3, °C) 
ρ = 0.00001147T7 − 0.01083T + 3.393  
Water surface tension 
(N/m, °C) 
σ = 1.477 × 10{KmT − 3.26 × 10{KKTm + 2.87 × 10{¦Ta− 1.273 × 10{T7 + 2.655 × 10{aT− 0.1261 
Water latent heat of 
vaporization 
(J/kg, °C) 
h = −2435T + 3168000 
Diffusion Constant of 
water vapor in air 
(m2/sec, °C) 
§WM = 0.0000212 E1 + )0.0071(T − 273.15)*F 
Kinematic viscosity of 
air (m2/sec, °C) 
μ = 1.029 × 10{KT7 + 3.077 × 10{¦T − 2.803 × 10{¨ 
Thermal Conductivity 
of water (W/m°C, °C) 
©ª = −9.873 × 10{¨T7 + 7.568 × 10{aT − 0.7713 
Prandl Number of air 
(°C) 
RL = −0.000265T +  0.809 
Table 3:  Curve Fit Properties Equations 
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Chapter 4 -  Highly hydrophobic Surface 
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 Computational predictions for dropwise condensation are compared with 
experimental data in the literature [47]. At this time, only one source was available 
with sufficient data for comparison to the numerical model and some of the 
information required for the model was obtained from the author.  Parameters for 
the simulation, which was conducted for two hours, are based on the 
experimental values provided in Table 4 [47].  
  
Surface 
Surface Material Silicone 
Coating Material 
Hexamethyldisiloxane 
(HMDSO)  
Temperature (°C) 14.45 
Droplet Advancing Angle 164 
Droplet Receding Angle 161 
Base Material Thickness (μm) 325 
Coating Thickness (μm) 0.025 
Base material thermal conductivity (w/mk) 148 
Coating Thermal Conductivity (w/mk) 0.19 
Surface Inclination Vertical 
Surface Size (m) 0.03 Square 
Flow Stream 
Material  Air 
Temp. (°C) 25 
Saturation Temp. (°C) 24.45 
Flow Rate (m/s) 0.75 
Table 4:  Simulation Input Parameters 
 
As part of the model ∆h, dθ and time step size are introduced.  The 
aforementioned parameters are a required part of the discretization, but are 
arbitrary values, representing no real physical aspect.  The parameters are 
evaluated to determine their importance to the model accuracy as part of the 
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convergence study.  Using the experimental parameters droplets are simulated 
at the locations shown in Table 5.  These positions represent a 10%, 50% and 
90% vertical position and are used to show convergence for ∆h,  dθ and time step 
size parameters.   
 
The origin is located in the bottom left 
corner of the surface. 
Horizontal (m) Vertical (m) 
Location one 0.015 0.003 
Location two 0.015 0.015 
Location three 0.015 0.027 
Table 5:  Simulated droplet location for parameter selection 
 
Varying vertical positions near the top, middle and bottom were selected 
due to changing boundary layer thickness for proof of convergence for Δh.   
shows ∆h from 0.1 to 0.001.  The origin of the surface is located in the bottom left 
corner of the 0.03m surface.  Figure 5 thru Figure 7 show convergence for ∆h 
equal to 0.001, 0.005 and 0.01.  Figure 6 shows a slight difference between ∆h 
equal to 0.005 and 0.001.  The model was validated using ∆h equal to 0.001 
which results in a maximum boundary layer thickness deviation of 0.1%.   
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Figure 5: Drop volume over time for various ∆h at the coordinate of (0.015 
m,0.003 m). 
 
 
 
Figure 6: Drop volume over time for various ∆h at the coordinate of (0.015 
m,0.015 m). 
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Figure 7: Drop volume over time for various ∆h at the coordinate of (0.015 
m,0.027 m) 
 
Because droplet growth utilizes the constant base model, a maximum dθ 
was incorporated into the model to ensure that the droplet growth rate was 
recalculated frequently enough to accurately reflect heat and mass transfer.  
Figure 8 through Figure 10 shows no difference between a maximum theta 
growth step of 0.0001 and 0.001 radians.  The model was validated using a 
maximum dθ of 0.001 radians.   
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Figure 8:  Drop volume over time for various dθ at the coordinate of (0.015 
m,0.003 m). 
 
 
Figure 9:  Drop volume over time for various dθ at the coordinate of (0.015 
m,0.015 m) 
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Figure 10:  Drop volume over time for various dθ at the coordinate of (0.015 
m,0.027 m) 
 
A time step size must be selected for the model to ensure temporal 
convergence of the numerical solution of discretized equations.  Figure 11 
through Figure 13 shows that there is minimal difference between individual time 
steps and the impact on individual droplet growth.  This is to be expected because 
the droplet growth is impacted primarily by the maximum dθ.  The time step would 
primary be impacted by the nucleation rate, coalescence and frequency of drop 
roll off.  Droplets on a highly hydrophobic surface do not grow primarily by 
coalescence [47].  Only a few nucleation and drop roll offs occur each second.  
Due to the random placement of droplets on the surface, precise convergence 
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for the time interval is not possible.  For these reasons the time step was set at 1 
second. 
  
 
Figure 11:  Drop volume over time for various time step sizes at the 
coordinate of (0.015 m,0.003 m) 
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Figure 12:  Drop volume over time for various time step sizes at the 
coordinate of (0.015 m,0.015 m) 
 
 
Figure 13:  Drop volume over time for various time step sizes at the 
coordinate of (0.015 m,0.027 m) 
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The model was validated using ∆h equal to 0.001, maximum change in 
theta of 0.001 radians, and time step was set at 1 second.  The size of the time 
step had little to no impact on the results.  This is most likely due to the dθ which 
inherently establishes a maximum time frame for evaluation of the heat transfer 
properties because droplet growth is evaluated with respect to dθ/dt.  ∆h  shows 
convergence at 0.01 for all locations.  This agreement at each location is due to 
∆h being set up as a percentage of δ.   
Existing models do not require a nucleation angle to determine the 
nucleation rate, and are not taking into account the nucleation rate.  The 
experimental setup does not define the nucleation angle.  Having a reasonable 
estimate of the nucleation angle is critical due to the associated high rate of 
change in the nucleation rate as shown in Figure 14.  With sufficient information 
it may be possible to approximate the nucleation angle based on the work of 
Rykaczewski et al [45].  The initial nucleation angle is estimated by evaluating 
the nucleation rate (Equation (40)) to 1 per sq. m.  The nucleation rate equation 
is of the form 
 J = m (exp(n)) 
The critical angle for nucleation to occur can be evaluated by [48]  
ln J0,/( = ln m + n such that ln m = −n 
This creates a starting point for evaluating the nucleation angle where the 
nucleation rate is equal to unity. 
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The nucleation angle is then adjusted until it is within 5% of the reported 
experimental mass collection.  The variation of nucleation rate with nucleation 
angle is shown in Figure 14. Based on Figure 15 at 99° the nucleation rate is 
unity.  Unity will not provide sufficient heat. The initial nucleation angle used is 
99° and decreased incrementally until the mass transferred is consistent with the 
available data. 
 
 
Figure 14:  The nucleation angle plotted against the nucleation rate at 
experimental conditions 
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Figure 15:  Solving for unity of the nucleation rate at experimental conditions. 
 
Figure 16 shows the mass of droplets as a function of time. The combined 
mass at 7,200 seconds at a nucleation angle of 96.64° closely matches the 
published results of 0.284 g with a value of 0.289 in 2 hours, resulting in an 
deviation of only 1.7% from experimental data available [47].  The model initially 
assumed 250 drops nucleated on the surface to simulate the initial nucleation for 
comparison of the overall mass collection during the experimental time. The initial 
250 drops assumption is considered acceptable based on Figure 17, Figure 18 
and Figure 19 because they do not show an initial spike in mass on the surface, 
heat transfer rate or number of drops that could be associated with an excessive 
amount of onset nucleation.  If the assumed number of onset droplets was to high 
Figure 17, Figure 18 and Figure 19 would exhibit behavior similar to that shown 
by nucleation angles 96.8° and higher.   
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The mass on the surface was not directly reported but is calculated to be 
0.0075 g +0/-0.005 putting the mass on the surface well within the reported range.  
The reported range is shown in Figure 17 along with the calculated mass on the 
surface at a nucleation angle of 96.64°.  The average mass on the surface was 
0.0038g with a minimum mass of 0.0034g and a maximum of 0.0045g, falling 
within the tolerance range of the reported values. 
   
 
Figure 16:  Mass collection over time. 
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Figure 17:  Instantaneous mass on the surface as a function of time.   
 
Figure 18: Instantaneous heat transfer rate as a function of time  
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Figure 19:  Number of drops on the surface over time. 
 
The number of drops on the surface at any given time is shown in Figure 17.  The 
average number of drops between 2000s and 7200s for a nucleation angle of 
96.64 is 635 drops.  635 drops on the surface is equal to 70.5 drops per square 
centimeter.  635 drops arranged in a square configuration is 25.2 drops per row 
that appears to be roughly consistent with the photographs taken during the 
experiment as shown in Figure 20.  Figure 20a shows a plot of each drop at 30 
minutes into the experiment and is similar in drop size and drop density of the 
experimental photograph show in Figure 20b. 
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a) plotted data b) photo 
Figure 20:  Images rendered over the surface during condensation after 30 
minutes.  Surface size is 3 cm x 3 cm.  a) predicted by the present model and b) 
measured by Lee et. Al [47].  Reprinted with permission from A. Lee, M.W. 
Moon, H. Lim, W.D. Kim, H.Y. Kim, copyright 2012 American Chemical Society. 
 
 Figure 21 and Figure 22 show that the 10,000th drop nucleated over time 
grew slower than the 1,000th drop nucleated over time.  This is due to their 
positions on the surface.  The 10,000th drop to nucleate is closer to the top of the 
surface where the boundary layer is thinner causing slightly faster growth.   Figure 
21 and Figure 22  also shows a discontinuity for the 10,000th droplet around 110 
seconds.  The discontinuity is caused by droplet coalescence.  Droplet 1 grows 
faster than the later drops due to the minimal number of drops on the surface 
competing for the mass diffusion.  Traditionally, it is expected that droplet growth 
will become constrained by diffusion with the drop volume becoming proportional 
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to time [22,29].  The individual droplets exhibit growth slightly less than drop 
volume proportional to time. 
 
 
 
Figure 21:  Graph shows droplet radius of the first, one thousandth and ten 
thousandth drop to be nucleated for the 96.64° run with their location over the 
droplet lifespan.   
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Figure 22:  Graph shows the droplet volume the first, one thousandth and ten 
thousandth drop to be nucleated for the 96.64° run with their location and 
over the droplet lifespan 
 
Under simulation conditions it was found that ∆h equal to 0.001, dθ of 
0.001 radians, and a time step of 1 second met convergence requirements.  The 
estimated nucleation angle based on unity was 99 degrees and the nucleation 
angle evaluated to be correct was 96.64 degrees.  The model predicted the 
collected mass with only 1.7% error from the reported value.  The mass on the 
surface fell within the reported range.  The quantity of droplets on the surface 
appears generally consistent with the photographs taken during the experiment.  
The model performs well with respect to the published data by matching the mass 
collection and falling within the tolerance range of the mass on the surface.  The 
model shows that the surface quickly obtains a steady state condition.  The model 
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also shows that the individual droplet grows as a mixture of the small droplet 
growing in unrestrained conditions with respect to the adjacent droplets.  As the 
droplet matures, the droplet transitions to being controlled by the planer diffusion 
associated with the surface.  This model accurately represents droplet growth on 
a hydrophobic surface and can be expanded in future work to evaluate more 
complex surfaces which do not lend themselves to the scaling approach due to 
the lack of surface homogeneity. 
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Chapter 5 -  Mathematical Modeling and 
Numerical method for Mixed Hydrophilic 
and Hydrophobic Surfaces 
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The developed model focuses on utilization of hydrophilic nodules (Dn) on 
the scale of a millimeter in size.  See Figure 23 for a schematic diagram of the 
surface configuration.  The thermal performance of various surface arrangements 
for mixed hydrophilic and hydrophobic surfaces for heat transfer are evaluated.  
This thermal model is uniquely able to quantify the thermal resistance associated 
with each aspect of the heat transfer.   
 
 
 
 
 
 
 
 
Figure 23:  Diagram of the mixed hydrophilic and hydrophobic surface a) 
Section view  b) Plane view 
 
The model developed in previous sections is for fully hydrophobic 
surfaces.  It has been shown that for low contact angles, the nucleation rate is so 
high that it would result in near instantaneous coverage of the surface[49].  This 
is the only assumption added to the model for a mixed surface.  Based on this 
data, it is assumed that the highly hydrophilic nodule is coated instantly with a 
droplet at the surface contact angle of the highly hydrophilic surface.  
Droplets roll off of the surface when the force of gravity  overcomes the 
surface tension of the droplet[37].  The model developed in the previous sections 
a) b) 
hydrophilic 
hydrophobic 
  Dn  Sn U∞ 
  top Dn 
Dn 
  bottom 
Sn 
Sn 
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is for a hydrophobic surface and is not designed to take into account the square 
droplet base for the nodules.  The square base will affect the timing of when the 
droplet will roll off the nodule once it is sufficiently large enough to overcome 
external forces.  The force associated with surface tension is a function of the 
surface tension, contact angle and contact line 
F = 2 « σ (cos θ )ζdϕ    (67) 
where σ is the surface tension, θ is the contact angle, ζ is the equivalent radius 
around the droplet based on the angel ϕ.  The equivalent radius for a square 
nodule is 
ζ = (DC 2⁄ ) cos ϕ⁄  (68) 
where DC is the hydraulic diameter of the nodule. This results in the required 
critical volume for roll off to be: 
V0,/( = )πσDC(cos θ, − cos θ1)* (ρg sin α)⁄    (69) 
where ρ is the density of water, g is the acceleration due to gravity and α  is the 
angle of surface inclination.  The model assumes that the hysteresis of the droplet 
is equally divided between the advancing and receding angle such that: 
θ, = θ − &-7   (70) 
and 
θ1 = θ + dθ2  (71) 
The area of diffusion developed for the hydrophobic surface can be 
simplified because the location of each droplet is known and each droplet 
nucleates at the same time.  Therefore, the diffusion area associated with each 
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droplet is approximately (SC)7 where SC is the spacing between nodules, as 
shown in Figure 23. 
The model is benchmarked against published experimental data which is 
based on natural convection flow.  The momentum boundary layer thickness is 
determined as follows [50]  
δ = x 3.93Pr{.(0.952 + Pr).7Gr{.7 (72) 
where Pr is the Prandt number as evaluated in Table 3 and Grx is the Grashof 
number evaluated as:   
Gr = gβ(TQ − T4	)xaμ7  (73) 
Where x is the location on the surface and β is the coefficient of thermal 
expansion, which for an ideal gas is treated as: 
β = 1(TQ + T4	)2
 (74) 
The diffusion boundary layer thickness can then be calculated as [50] 
δ& = δ Sc.aaa⁄  (75) 
Where Sc is the Schmidt number evaluated based on the properties of the air as: 
Sc =  μ DK7⁄  (76) 
The aforementioned boundary layer thickness equation is only applicable for 
natural convection.  Under laminar conditions the diffusion boundary layer 
thickness is calculated as 
δ& = )3(xμ1 UQ⁄ )K 7⁄ * )(μ1 D1	⁄ )K a⁄ *r  (77) 
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where x is the distance past the thermal discontinuity, μ1 is the kinematic viscosity 
of the fluid. UQ is the fluid velocity and D1	 is the diffusion coefficient [46]. 
The turbulent boundary layer thickness can be evaluated based on the 
Sherwood number for a flat plate in combination with the vapor concentration.  
The vapor concentration around the droplet is: 
c = )r/c/(r	 − r) + r	c	(r − r/)* )r(r	 − r/)*r  (78) 
where r/ is the radius of the droplet, r	 is the radial distance to the bulk fluid vapor 
concentration, c/ is the vapor concentration, c	 is the bulk vapor concentration 
and r is the radial distance to the vapor concentration to be calculated [39].   The 
resulting change in vapor concentration is calculated by differentiating the 
concentration resulting in: 
dc dr⁄ = )r/r	(c	 − c/)* )r7(r	 − r/)*r  (79) 
The mass flux to the droplet is calculated as: 
 = D1	 &0&,1t = h(c	 − c/)   (80) 
where, h is the mass transfer coefficient, m  is the mass transfer rate and A is 
the area of the flux boundary.  Substituting the change in concentration with 
respect to radius results, equation (79), into equation (80) results in and 
evaluating at r = r/ results in: 
h = D1	 r	 )r/(r	 − r/)*⁄  (81) 
where (r	 − r¯) is equivalent to the diffusion boundary layer thickness, δ&.  The 
local Sherwood number is related to the boundary layer thickness as: 
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Sh =  h x D1	⁄ = r	 x r/δ&⁄  (82) 
For turbulent flow, the diffusion boundary layer thickness is calculated based on 
flow over a flat plate where: 
Sh = 0.0292Rem ⁄ ScK a⁄ = r	 x r/δ&⁄  (83) 
Re is the local Reynolds number[50] evaluated as: 
Re = xUQμ  (84) 
The resulting diffusion boundary layer thickness is calculated as: 
δ& = r	 x r/Sh⁄  (85) 
Approximating r	 = δ& + r¯, this results in: 
δ& = 1 GShx − 1Hr  (86) 
For Sh much larger than x, equation (86) can be simplified to: 
δ& = x Sh⁄  (87) 
As part of this work, the model will first be validated using published data.  
Using similar environmental parameters, the model will be run again at varying 
flow rates of 3, 30 and 100 m/s.  The flow is laminar for the aforementioned flow 
rates.  The model will also be run at Reynolds numbers of 106 and 107 to evaluate 
the impact of turbulent flow structures on the heat and mass transport over the 
mixed surface.  The Stenocara beetle has a nodule size of 0.5 mm with 
approximate spacing of 1 mm[14].  This work will evaluate the performance of 
nodule sizes between 0.5 mm and 0.1 mm.  A nodule sizes of 0.1 mm requires 
contact angles of approximately 165 degrees as seen in Figure 37.  Nodule sizes 
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smaller than 0.1 mm would require a contact angle higher than 165 degrees and 
for this reason are excluded from this optimization.   
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Chapter 6 -  Mixed Hydrophobic and 
Hydrophilic Surfaces  
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As part of modeling spherical diffusion to the flat diffusion boundary layer 
associated with the surface, a maximum deviation from the boundary layer, Δδ, 
must be established as part of discretizing the equations.  Also, a maximum 
change in contact angle, dθ, must be established to ensure accurate calculation 
of the heat transfer rate.  Discretizing the governing equations introduces Δh, dθ 
and time step size that have no concrete physical aspect in the experiment.  The 
time step has a small impact to determine the precise time of roll off from the 
surface, as shown previously by the current authors [49].  These simulations are 
evaluated with a time step of 1 second.  The parameters, Δh and dθ, are 
examined to establish convergence. For the convergence study, three droplets 
are simulated at locations identified in Figure 23 and Table 7.  These locations 
roughly represent a 10%, 50% and 90% vertical position on the surface to 
demonstrate convergence for Δh and dθ.  These locations were chosen due to 
the varying boundary layer thickness over the surface. The convergence 
parameters were selected based on bounding modeling conditions identified in 
Table 6.  The assumed boundary layer thickness is 0.96 µm based on a Reynolds 
number of 108 which is bounding for all simulations. 
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Surface 
Surface Material Silicone 
Coating Material 
Hexamethyldisiloxane 
(HMDSO)  
Temperature (°C) 14.45 
Droplet Advancing Angle (Hydrophilic/Hydrophobic) 2/164 
Droplet Receding Angle (Hydrophilic/Hydrophobic) 0/161 
Base Material Thickness (μm) 325 
Coating Thickness (μm) 0.025 
Base Material Thermal Conductivity (w/mk) 148 
Coating Thermal Conductivity (w/mk) 0.19 
Surface Inclination Vertical 
Surface Size (m) 0.03 square 
Flow Stream 
Material  Air 
Temperature (°C) 25 
Saturation temp. (°C) 24.45 
Thermal Discontinuity Distance from Top of Surface 
(mm) 30 
Convergence Specific Parameters 
Assumed Boundary Layer Thickness (µm) 0.96 
Nodule spacing (sn) (mm) 1 
Nodule size (dn) (mm) 0.5 
Droplet Advancing Angle (Hydrophilic/Hydrophobic) 2/164 
Droplet Receding Angle (Hydrophilic/Hydrophobic) 0/161 
Table 6:  Input Parameters for the convergence study 
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Figure 24:  Approximate location of simulated droplets on the 30 mm vertical 
surface with flow from the top to the bottom. 
 
 
The origin is located in the bottom 
left corner of the surface. 
Horizontal 
(mm) 
Vertical 
(mm) 
Location one 
9 0.5 
Location two 
15 14.5 
Location three 
24 29.5 
 
Table 7:  Simulated droplet location for convergence 
 
Figure 25 thru Figure 27 shows Δh from 0.0001 to 0.0000001.  The origin 
is located at the bottom left corner of the square 0.03 m surface.  Figure 25 thru 
Figure 27 also show convergence for Δh equal to 0.000001 and 0.0000001.  The 
U∞ 
1 
2 
3 
Horizontal 
Vertical 
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model was validated and optimized using Δh equal to 0.000001 which results in 
a maximum boundary layer thickness deviation of 0.0001%.   
 
Figure 25:  Drop volume over time for various boundary layer thickness, °h at 
the coordinate of location one at (9 mm,0.5 mm) 
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Figure 26:  Drop volume over time for various boundary layer thickness, °h at 
the coordinate of location two at (15 mm,14.5 mm)  
 
Figure 27:  Drop volume over time for various boundary layer thickness, °h at 
the coordinate of location three at (24 mm, 29.5 mm) 
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The constant base droplet growth model requires a maximum dθ to ensure 
that the droplet growth rate was recalculated frequently to accurately calculate 
heat and mass transfer.  Figure 28 through Figure 30 depicts droplet growth for 
dθ of 0.01 to 0.00001.  As it is shown in Figure 28 through Figure 30, there is no 
significant difference between a maximum theta growth step of 0.00001 and 
0.0001 radians.  Thus, the model was validated and optimized using a maximum 
dθ of 0.0001 radians.   
 
Figure 28:  Drop volume over time for various maximum allowable 
changes in contact angle, dθ, at the coordinate of location one at (9 mm,0.5 
mm) 
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Figure 29:  Drop volume over time for various maximum allowable 
changes in contact angle, dθ, at the coordinate of location two at (15 mm,14.5 
mm)  
 
 
Figure 30:  Drop volume over time for various maximum allowable 
changes in contact angle, dθ, at the coordinate of location three at (24 mm, 
29.5 mm). 
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The previous model for hydrophobic surfaces was validated using Δδ 
equal to 0.001 and maximum change in theta of 0.001 radians [49].  The higher 
precision required for Δh is most likely due to the boundary layer thickness being 
reduced by several orders of magnitude when compared to the fully hydrophobic 
surface model.  The change in θ is also reduced by two orders of magnitude when 
compared to the hydrophobic surface.  The need for a smaller change in theta is 
most likely driven by the increased droplet growth rate associated with the thinner 
boundary layer.  
6.1 Model validation 
Computational simulations for mixed surface dropwise condensation are 
evaluated with respect to published experimental data [47].  A single source is 
available with sufficient information to evaluate the numerical model and some 
required information for modeling was obtained from the author.  Experimental 
values for the simulation are provided in Table 8 below [47]. 
     
Droplet Advancing Angle (Hydrophilic/Hydrophobic) 2/164 
Droplet Receding Angle (Hydrophilic/Hydrophobic) 0/161 
Nodule Size (m) 0.0005 
Nodule Spacing (m) 0.001 
Table 8:  Simulation Specific Input Parameters 
 
75 
The hydrophobic surface has an advancing and receding contact angle of 
164 and 161 degrees respectively  with a resulting hysteresis of 3 degrees [47].  
The reported values are for a droplet on a flat vertical surface.  The mixed 
hydrophilic and hydrophobic surface creates a fixed base side due to the nodule 
size which is hydrophilic.  The fixed base size results in a lower critical contact 
angle for roll off because of the large base of the droplet that effectively increases 
the droplet radius and mass.  Figure 31 is based on a nodule size of 0.5 mm and 
demonstrates the sensitivity of the hysteresis with respect to the droplet volume.  
Increasing the hysteresis from 3 to 5 degrees, resulted in in the droplet volume 
increase by approximately 50% when the critical contact angle is obtained for a 
droplet to roll off the surface. 
 
 
Figure 31:  Drop hysteresis relation to critical contact angle and rolling volume 
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The model was run as described and significantly under predicted the 
results of the experiment as is shown in Figure 32.  The Pickett and Bexon factor, 
f, was included as part of the thermal model for hydrophobic surfaces developed 
which is applicable for isolated droplet growth.  Due to the relatively small size of 
the droplet and comparatively large spacing, f was included as part of the 
hydrophobic model.  In the hydrophobic simulations drops had a 20% larger 
spacing on average when compared to the spacing of the mixed surface model.  
Also, the droplets on the mixed surface are significantly larger than on the 
completely hydrophobic surface.  The drops, when rolling off the hydrophobic 
suffice, are significantly smaller than on the mixed surface.  On a mixed surface 
the droplets almost touch.  On the hydrophobic surface the droplets rarely 
coalesce.  In the experiment it can be seen that the droplets on the mixed surface 
have even coalesced and are bridging two nodules [47].  Due to the close 
proximity of the droplets in the mixed surface the Pickett and Bexon factor no 
longer applies as can be seen in Figure 32.   
The reported average total condensation is 0.406 g over 2 hours with an 
average collected mass of 0.0426 g [47].  Figure 33 and Figure 34 shows that a 
hysteresis of 3 degrees results in significant mass collection 5,567 seconds.  
Hysteresis must be increased from 3 to 5 degrees before a large mass collection 
occurs within 2 hours.  Increasing hysteresis from 3 to 5 degrees and removing 
the Pickett and Bexon factor, the model predicts a total condensation of 0.39 g 
with no mass collection.  The model is using an ideal flow model to predict the 
results.  The reported values include a small portion of mass collection.  The 
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experiment shows some bridging across the nodules in the photograph [47].  This 
suggests that the surface is close to maximum capacity and is nearing a periodic 
roll off event.  The reported mass collection is most likely due to perturbations in 
the flow inside the environment that have not been accounted for in the model.  
The minimum required spacing for a nodule size of 0.0005 m with a 5 degree 
hysteresis is 0.000998 m.  The experiment reports a spacing of 0.001 m which 
would require highly precise preparation of the surface to prevent bridging and 
could easily result in bridging sites.  
 
 
Figure 32:  Total condensation with respect to hysteresis.  Reported value in 
figure was only provided at the end of the experiment.   
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Figure 33:  Collected mass over time.  Reported value in figure was only 
provided at the end of the experiment.   
 
 
Figure 34:  Mass on the surface over time.  Reported value in figure was only 
provided at the end of the experiment.   
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With a 5 degree hysteresis and the elimination of the Pickett and Bexon 
factor the model has predicted the measured results with approximately 4% error.  
The Pickett and Bexon factor is no longer applicable due to the close proximity 
of the droplets.  While increasing the reported experimental hysteresis from 3 to 
5 degrees, may seem proportionally large with respect to each other, this would 
only require the measurement of the advancing and receiving angle to be off by 
only 1 degree and the square nodule shape would also have an impact on the 
surface tension as shown with equations (65) and (69).  Based on these results, 
the model predicted accurately the experimental results. 
6.2 Optimization 
The mass collection optimization study is performed using the general 
parameters from the experiment as shown in Table 9.  The nodule arrangement 
is optimized for mass collection.  Only an advancing and receding angle for the 
hydrophilic surface is provided because the hydrophobic angle is dictated by the 
maximum angle that can be obtained before the surface tension is exceeded by 
gravity.  The hydrophobic surface only needs to be able to meet or exceed the 
critical contact angle and maintain the required hysteresis.  
  
Droplet Advancing Angle (Hydrophilic) 2 
Droplet Receding Angle (Hydrophilic) 0 
Hysteresis (degrees) 5 
Nodule Size (dn) (mm) 0.5-0.1 
Nodule Spacing (sn) (mm) 1-0.5 
 
Table 9:  Optimization Specific parameters 
80 
 
A range of 0.1 mm nodules up to 0.5 mm nodules are evaluated for 
optimization of turbulent flow and 1 mm to 3.7 mm for laminar flow.  The critical 
contact angle for the associated nodule sizes are shown in Figure 35 and Figure 
37.  Based on the critical contact angle and nodule size, the drop diameter can 
be calculated.  The calculated drop diameter is the spacing at which neighboring 
droplets would touch and  form a bridge between two nodules.  The onset of 
bridging spacing is shown in Figure 36 and Figure 37.  Bridging significanlty 
impeeds the droplets ability to roll off the surface by changing the contact angles 
and hysteresis of the droplet. 
 
 
Figure 35:  The critical contact angle at which point the drop would roll off the 
surface.  H3, H4 and H5 represent a hysteresis of 3, 4 and 5 degrees 
respectively. 
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Figure 36:  The critical drop spacing for the onset of bridging as a function of 
the hydraulic diameter of the nodule for various values of hysteresis angle.  
H3, H4 and H5 represent a hysteresis of 3, 4 and 5 degrees respectively. 
 
 
Figure 37:  The critical contact angle at which point the drop would roll off the 
surface.  H5 represent a hysteresis of 5 degrees. 
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Figure 38:  The critical drop spacing for the onset of bridging as a function of 
the hydraulic diameter of the nodule.  H5 represent a hysteresis of 5 degrees. 
 
 
The surface is optimized for a range of Reynolds numbers spanning both 
laminar and turbulent flow regimes.  The experimental boundary layer was as 
thick as 6 mm.  The Reynolds number was also calculated for flow rates of 3 m/s, 
30 m/s and 100 m/s. Due to the small surface size used, all of the flow rates were 
laminar.  Turbulent Reynolds numbers of 106 and 107 were also evaluated for 
potential applications with larger size surfaces.  The Reynolds number impact on 
boundary layer thickness is shown in Figure 39.  Increasing the Reynolds number 
from natural convection up to a Reynolds number of 107 changes the boundary 
layer thickness by a factor of 1,000.  Initial results indicated that increased nodule 
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spacing beyond onset bridging with turbulent flow only reduced mass transfer 
proportional to the number of droplets removed from the surface.  Only nodule 
size impacts the mass collection rate under turbulent flow conditions.  The nodule 
spacing needs to be as close as possible to onset of bridging.  This maximizes 
condensation because nodule spacing is several orders of magnitude larger than 
the diffusion boundary layer for turbulent flow conditions.  Nodule spacing in 
laminar flow also needs to be as close as possible to the onset of bridging.  During 
laminar flow the primary source of thermal resistance is the equivalent thermal 
resistance due to diffusion.  Packing the nodules as close as possible minimizes 
the equivalent thermal resistance due to diffusion by minimizing the diffusion 
distance. 
 
Figure 39:  Change in boundary layer thickness with respect to the Reynolds 
number in turbulent and laminar flow  
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Figure 40 shows that mass collection can be increased from 0.4 g over 2 
hours to approximately 7 grams over 2 hours by increasing the Reynolds number 
to 107.  The mass collection rate does not reach the 5 gr/(cm2 h) achieved by the 
Stenocara beetle,[31] however the beetle positions its body so that the air stream 
impinges on the surface.  Flow impingement on the surface would reduce the 
boundary layer thickness and aid in droplet removal from the surface.   
Droplets grow larger at the top of the surface due to the flow pattern.   The 
drops at the top of the surface roll down the surface effectively sweeping the 
smaller droplets from the surface.  Droplet roll off from the surface occurs at 
regular intervals as shown in Figure 41.  The known interval of droplet roll off from 
the surface may provide an opportunity to aid in droplet removal from the surface 
to enhance heat transfer.   
The mass collected during each roll off event is shown in Figure 42.   The 
heat transfer rate from the droplet is not constant.  The frequency of roll off and 
mass collected per roll off event were used to average the mass transfer rate and 
is shown in Figure 43 that shows optimum nodule size of approximately 0.2 mm 
for turbulent flow.  There is no optimum point clearly shown in Figure 43 for the 
laminar flow regime. 
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Figure 40:  The total mass collection over a 2 hr period  
 
 
Figure 41:  The period of time between roll off events sweeping the surface 
clean 
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Figure 42:  The mass collected from each roll off event  
 
 
Figure 43:  The average mass collection based on the period between roll off 
events and the mass collected with each roll off event.  
 
Flows with a Reynolds number less than 5x105 are laminar and flows 
greater than 106 are turbulent.  Figure 44 and Figure 45 are for the first drop in 
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the lower left corner of the surface and show temperature drops based on 
boundary layer thickness in mm.  Both graphs are for a nodule size of 0.2 mm.  
Figure 44 and Figure 45 show that in the laminar regime, the heat transfer is 
almost completely controlled by the diffusion process. Since heat transfer in the 
laminar region is controlled by diffusion, the performance of the surface is similar 
to film heat transfer.  Under turbulent flow conditions, Figure 44 shows that the 
thermal resistance associated with the droplet has a significant impact on heat 
transfer and are roughly equivalent before roll off of the surface.  The sensitivity 
of the thermal resistance from conduction through the droplet at turbulent flow 
conditions due to change in nodule size is depicted in Figure 46 and Figure 47.  
The thermal resistance of the droplet under turbulent flow conditions is why the 
nodule size impacts the optimum configuration. 
   
 
Figure 44:  The temperature drop due to the thermal resistance of the droplet.  
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. 
 
Figure 45:  The temperature drop associated with diffusion.  
 
 
Figure 46:  The temperature drop across the droplet due to conduction for a 
Reynolds number of 106 
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Figure 47:  The temperature drop associated with diffusion for a Reynolds 
number of 106 
 
Under turbulent flow conditions the optimum nodule size is 0.2 mm while 
in laminar flow conditions the optimum nodule sizes are between 0.1 mm to 0.5 
mm. The larger nodules size performed better.  Laminar flow is completely 
controlled by the equivalent thermal resistance associated with diffusion resulting 
in a minimum temperature drop associated with diffusion of approximately 8°C of 
the 10.5°C.  The minimum temperature drop associated with diffusion under 
turbulent flow conditions is 6°C.  The secondary source of thermal resistance is 
the conduction through the droplet.  The increased thermal resistance from the 
droplet under turbulent flow conditions is sufficient to reduce mass transfer for 
nodule sizes greater than 0.2 mm.  This model evaluated condensation patterns 
similar to that found on the Stenocara beetle.  While the quantity of the 
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condensation is less than the Stenocara beetle and the optimized patterns are 
different, this is due to the flow impinging on the wings of the beetle.   
Under laminar flow conditions the thermal resistance associated with the 
droplet is not sufficiently large enough in the 0.1 to 0.5 mm nodule size to have 
significant impact on the heat transfer.  Laminar flow requires examination of 
nodule sizes larger than 1 mm and also requires run times greater than 2 hours.  
The model is based on an idealizes flow resulting drops located on nodules in the 
same row growing at the same speed.  This causes a sweeping effect which 
cleans the surface because all of the droplets at leading edge of flow obtain the 
critical contact angle at the same time.  For this reason, the model was run until 
the bulk roll off occurred.  Under natural circulation conditions for the largest 
nodule it would require over 13 hours until a roll off event would occur as shown 
in Figure 48.  This is significantly longer than the reported experiment, which 
evaluated 0.5 mm nodules over a 2 hr time period.  One of the base assumptions 
for the model is that the water droplet is spherical.  This assumption is valid as 
long as the droplet radius is less than the capillary length of the fluid.  A nodule 
size of 3.7 mm is near the upper limit of the model for water because this results 
in a droplet radius of 77% of the capillary length.   
Figure 48 and Figure 49 show significant deviation of periodicity and roll 
off mass between nodule sizes of 2.9 mm and 3.1 mm.  The critical contact angle 
for a 2.9 mm and 3.1 mm nodule is 87.2° and 81.5°.  The change in contact angle 
is minimal, but results in significantly more mass at for a 2.9 mm nodule resulting 
in a significantly sooner roll off time.   
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It has been reported that for a nodule size of 0.5 mm with 1 mm spacing 
on a 3 cm square surface with a 10°C temperature difference below saturation 
and under natural flow conditions, a mixed hydrophilic and hydrophobic surface 
can condense approximately 0.15 g/hr [47].  They reported that a hydrophilic 
condenses more and optimized the trailing edge of the hydrophilic surface to 
maximize mass collection.  The optimized hydrophilic surface produced 0.245 
g/hr [47].  It was assumed that the nodule spacing and size based on the 
Stenocara beetle would be adequate for the experiment.  The Stenocara beetle 
utilizes the wind to drive the flow and positions its body in the flow causing flow 
impingement to reduce the diffusion boundary layer.  Natural circulation on a 
vertical surface does not benefit from forced flow or impinged flow.  Optimization 
of a mixed surface under laminar flow conditions requires a very different nodule 
size and spacing.  Nodule sizes between 1.5 mm and 3.5 mm will all produce an 
average mass collection rate greater than 0.245 g/hr as shown in Figure 51.  This 
requires a period of approximately 4.6 hrs to 13.3 hours before any significant 
amount of mass would be collected as shown in Figure 48.  Figure 51 shows 
peek condensation rates at nodule sizes of 2.3 mm and 3.1 mm resulting in 
average condensation rates greater than 0.3 g/hr, which is a 22% increase in 
mass transfer.  The two peek condensation rates at 2.3 mm and 3.1 mm nodules 
are roughly equivalent in average mass transfer rate for natural convection.   
Figure 50 shows three peaks for maximum mass collection at 1.5 mm, 2.3 
mm and 3.1 mm.  A nodule size of 1.5 mm corresponds with the maximum nodule 
size of the beetle.[30]  A nodule size of 1.5 mm also corresponds with a periodicity 
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of about 39 minutes for a 0.331 mm boundary layer thickness.  Large nodule 
sizes are most likely not found on the beetle because nodules of 2.3 mm and 3.1 
mm would require a period of 86 minutes and 152 minutes which may not be as 
practical for the beetle.  Also depending on the boundary layer thickness, a 1.5 
mm may maximize mass transfer. 
 
 
Figure 48:  The period of time between roll off events sweeping the surface 
clean 
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Figure 49:  The mass collected from each roll off event. 
 
 
Figure 50:  The average mass collection based on the period between roll off 
events and the mass collected with each roll off event.   
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Figure 51:  The average mass transfer rate for a 3 cm sq. surface 
 
The maximum mass collection rate observed for a nodule size of 3.1 mm 
corresponds with the maximum mass collection per roll off event.  A 3.1 mm 
nodule also corresponds with a contact angle of approximately 90 degrees.  
There is no readily discernable relevance to the nodule sizes of 1.5 mm and 
2.3mm based Figure 37 and Figure 52.  Figure 53 does identify nodule sizes of 
1.6 mm and 2.2 mm as the maximum rate in change of the critical droplet volume 
with respect to base diameter. 
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Figure 52:  The critical droplet volume for roll off 
 
 
Figure 53:  The change in critical drop volume with respect to nodule size 
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Under simulation conditions it was found that ∆h equal to 0.000001, dθ of 
0.0001 radians, and a time step of 1 second met convergence requirements for 
all flow regimes evaluated.  The model was validated based on published data 
and found to predict the condensation rate within 4% error.  It was found that the 
hysteresis had to be adjusted from 3 to 5 degrees to accurately predict the drop 
roll off time.  Optimization of turbulent flow found that a nodule size of 0.2mm 
resulted in the maximum mass collection in the turbulent flow regime.  Across the 
laminar flow region there are three optimum mass collection nodule sizes of 1.5 
mm, 2.3 mm and 3.1 mm.  Lower laminar flow rates produce maximum mass 
transfer rates at a nodule size of 3.1 mm.  As the flow rate increases and 
approaches turbulent flow, the maximum mass transfer rate shifts from 3.1 mm 
to 1.5 mm.  As flow switches to turbulent regime the nodule size of 3.1 mm 
experiences a significant reduction in mass transfer rate when compared to 
nodules sizes 1.5 mm and 2.3 mm.  
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Chapter 7 -  Conclusion and Future Work 
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The purpose of this work is the development of a thermal model which 
would allow prediction of thermal performance and mass collection for mixed 
hydrophilic and hydrophobic surfaces.  This is accomplished by first developing 
a thermal model for a fully hydrophobic surface which sustains dropwise 
condensation.  The model developed is unique in its perspective by evaluating 
each drop individually.  The highly hydrophobic surface model develops a new 
perspective of evaluating droplet growth based on 3 stages of droplet growth 
associated with diffusion on the surface.  During the initial stage, the droplet 
grows as an isolated droplet feeling no impact due to the neighboring droplets or 
surface diffusion boundary layer.  As the initial stage droplet grows, the spherical 
diffusion boundary layer expands until it is impacted by the surface diffusion 
boundary layer or neighboring drops.  Once the droplet growth is impacted by the 
neighboring droplets or the surface diffusion boundary layer, the droplet has 
reach intermediate stage droplet growth.  As the droplet continues to grow the 
spherical diffusion boundary layer from the droplet expands and once the 
diffusion to the droplet is controlled completely by the neighboring droplets and 
surface diffusion boundary layer, the droplet has obtained final stage diffusion.   
The basic three-stage droplet growth concept allows the creation of a 
mathematical framework based on the individual droplet.  The model includes a 
thermal resistance due to the surface, the droplet, the air to water interface and 
the capillary effect.  In addition to the aforementioned thermal resistances that 
are traditionally included, an equivalent thermal resistance due to diffusion was 
developed to create a complete thermal model for the individual droplet.  A 
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summary of the equations for heat transfer of the individual droplet are provided 
in Table 10.   
Initial 
q& = ∆Tπr/
7 E1 − r/Cr/ F12h/(1 − cos θ) + r/θ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ + RB
7 T1B]T	T/r/2D1	fh7 P(c1B]
 
Final 
q& = ∆Tπr7 E1 −
r/Cr F12h/(1 − cos θ) + rθ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ + πr
7RB127 T1B]T	T/)4D1	fh7 P(c1B]* G∑ ∆ϕ r	,r/r	,{r/CtK H
 
Where, c1B] = ,u± ),v0v0u(7,u{a,v)*{,v±(0v(a,u{7,v){,u0u)m(,u{,v)),u±{,v±*  
Intermediate 
q&(r, θ) = ∆Tπr7 E1 −
r/Cr F12h/(1 − cos θ) + rθ4k sin θ + δ031(k031( sin7 θ + δ4	k4	 sin7 θ + πr7R²7
 
Where,  
K³´µ = ³¶µ¥·¶¸¥u¹ ¥v¹³1(/37,q·uº»¼µ ²½0·¶¸ + ³¶µ¥·¶¸¥u¹ ¥v¹Emq·uº»¼µ ²½0·¶¸FI ∑ ∆¾¿ Àu,¿ÀvÀu,¿ÁÀÂ¿ÃÄ J  and  
ratio = 1 − (2 + cos ϕ)(1 − cos ϕ)7(2 + cos θ)(1 − cos θ)7  
Table 10:  Droplet growth heat transfer equations  
   
The droplets are modeled having a constant base size until the droplet 
grows and obtains a maximum surface contact angle.  The constant base 
droplet growth perspective is a unique addition to modeling the surface 
performance.  The base of the droplet then steps out obtaining a minimum 
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contact angle and then continues growing again maintaining a constant base as 
the droplet grows.  The constant base droplet growth model is included 
mathematically by 
dθ dt⁄ = q& Ehρ)πd	1]a (1 − cos θ cosa θ − 3 cos θ + 2) (8 sinm θ)⁄ *F⁄ (88) 
The inclusion of a constant base droplet growth model results in rapid droplet 
growth after initial nucleation and approaches a similar droplet growth as 
constant contact angle droplet growth from droplets larger than 1 micrometer in 
radius. 
Coalescence is modeled simply based on the center of mass when two 
droplets come in contact with each other.  Using classical nucleation theory, the 
droplets were nucleated on the surface at random locations.  The droplets are 
removed from the surface when droplet mass acted on by gravity overtimes the 
surface tension of the droplet.  Current models do not include coalescence 
nucleation or droplet removal from the surface.  This provides greater clarity in 
the process and helps to identify the periodicity of the mixed surfaces. 
The thermal model is validated using published experimental data for a 
highly hydrophobic surface.  Condensation on a highly hydrophobic surface 
having an advancing and receding contact angle of 164° and 161° respectively 
are numerically modeled and simulated.  The dew point of the air is 297.6 K and 
has a flow rate of 0.75 m/s.  The condensation surface temperature is 10 K below 
the dew point.  On a vertical surface, a nucleation angle of 96.58 degrees resulted 
in a total mass condensed of 0.288g.  The reported mass collection in 2 hours 
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was 0.29 g resulting in an deviation of only 1% from experimental data available 
[47].  The average mass on the surface of the model beyond 2,000 seconds was 
about 0.009 g which is within 5% of the reported value for the mass of 0.0086 g 
[47].   
The steady conditions for the droplet collection and coalescence provided 
a state surface coverage of approximately 6% which is consistent with the data 
which stated that the droplet growth was not driven primarily by coalescence once 
the surface obtained steady state conditions [47].   
Droplet growth predicted by the present model is in good agreement with 
the inverse model for drop evaporation presented by Picknett and Bexon [28,29] 
where r~Å..  As the number of droplets increase, droplet 10,000 initially grows 
slower than the predicted relation does.  This is most likely due to the influence 
of the larger neighboring drops restricting the initial droplet growth.  The first drop 
nucleated grows faster than the predicted relation, which is mostly likely due to 
the low density of the droplets at initial nucleation and the droplet growth not 
initially fully controlled by diffusion.   
Having validated the model for droplet growth on highly hydrophobic 
surfaces, it was then modified to take into account mixed hydrophilic and 
hydrophobic surfaces.  The hydrophilic surface locations provided known droplet 
nucleation sites and did not require the calculation of nucleation rates.  The highly 
hydrophobic surface provided a much lower energy barrier for nucleation and 
occurs almost instantaneously.  The known surface pattern of droplets makes 
evaluation of the proportional surface diffusion area of the droplet straight 
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forward.  While the removal of the droplet from the surface is still based on 
surface tension, this is less straight forward due because the nodule shape was 
assumed to be square.  The critical droplet volume for removal from the surface 
is based on  
V0,/( = )πγDC(cos θ, − cos θ1)* (ρg sin α)⁄  
Equations for surface diffusion boundary layer thickness were developed for 
natural convection, laminar and turbulent flow regimes. 
Methods for evaluating the boundary layer thickness under natural 
convection, laminar and turbulent flow have been established.  The equations for 
the boundary layer thickness are summarized in Table 11. 
 
Flow Type Equation 
Natural Convection δ& = (x 3.93Pr{.(0.952 + Pr).7Gr{.7) Sc.aaa⁄  
Laminar Flow δ& = )3(xμ1 UQ⁄ )K 7⁄ * )(μ1 D1	⁄ )K a⁄ *r  
Turbulent Flow δ& = x Sh⁄  
Table 11:  Diffusion boundary layer thickness Equations 
 
Using published data, the model was validated for a vertical surface at a 
temperature difference of 10°C from saturation.  The reported hysteresis value is 
based on placement of a deionized water droplet on a flat surface[47].  The 
experiment also reported bridging for a nodule spacing of 1 mm [47].  The 
minimum hysteresis required to bridge the nodules is 5 degrees.  Therefore, the 
slight adjustment to the contact angles to obtain the required hysteresis is 
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acceptable. With a hysteresis of 5 degrees, the model predicted the experimental 
results with only 4% error. 
The model was used to maximize mass transfer for turbulent flow 
conditions via optimization of nodule sizes ranging from 0.1 mm to 0.5 mm.  The 
model was used to maximize mass transfer for laminar flow conditions via 
optimization of nodule sizes ranging from 1.1 mm to 3.7 mm.  The general 
conditions for the model were maintained similar to the experimental setup with 
a 10°C temperature difference below saturation and the surface using humid air.  
Nodule spacing was maintained moderately above the onset of bridging spacing. 
The optimized nodule size is 0.2 mm size with spacing of 0.65 mm under turbulent 
flow conditions.  Laminar flow optimization for mass transfer is trimodal.  Laminar 
flows show peak mass collection at 1.5 mm, 2.3 mm and 3.1 mm nodule sizes.  
Lower Laminar flow rates produce maximum mass collection with a nodule size 
of 3.1 mm and also produce well at nodule sizes of 1.5 mm and 2.3 mm.  As the 
flow rate approaches turbulent flow the maximum mass collection nodule size is 
1.5 mm and still produces will with a nodule size of 2.3 mm.  As flow rates 
approach turbulent flow, the nodule size of 3.1 mm experiences a significant 
reduction in the mass transfer rate.  The model developed here provides 
significantly more insight to the heat transfer process than existing models by 
allowing optimization under specified flow conditions, accounting for droplet roll 
off and the surface sweeping effect of the roll off process.   
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The model also identifies the primary source of thermal resistance 
throughout the heat transfer process by examining the heat transfer associated 
with the individual droplet.  The key finds are as follows: 
 Nucleation barrier severely limits mass collection of hydrophobic 
surfaces under turbulent flow conditions. 
 Primary source of thermal resistance is diffusion. 
 Under optimized turbulent flow conditions thermal resistance of 
droplet and diffusion are approximately equal 
 Thermal resistance due to surface coating is minimal 
 Optimum nodule sizes for turbulent flow is 0.2 mm. 
 Optimum nodule size for laminar flow is 1.5 mm, 2.3 mm and 3.1 
mm. 
 Increased flow rates favor smaller nodule sizes for mass collection. 
A short shell and tube condenser could be constructed using mixed 
surfaces on the tubes, but this would require a vertical orientation for the tubes.  
A vertical orientation of the tubes is not usually practical for a shell and tube 
condenser due to the length of the tubes and required tube pull space for 
maintenance.  A mixed surface provides the potential for a significant reduction 
in condenser size due to the improvement in heat transfer rate.  A heat exchanger 
could be constructed of mixed hydrophilic and hydrophobic surfaces using a 
traditional plate and frame design.   
Mixed surface condensers could be used as condensers in sweeping gas 
membrane distillation systems.  They could also be installed collecting the 
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discharge air from cooling towers to help recover evaporative losses.  Cooling 
tower water is typically treated and it can be expensive to produce makeup water.  
Recovery of cooling tower drift has the potential to lower operating costs and 
ease water permitting needs.   
With the development for an equivalent thermal resistance without the 
presence of non-condensable gasses.  This model could also be used to predict 
performance for any type of condenser.  This would permit the optimization of 
mixed surface condensers for any condensation application ranging from power 
plant condensers to condensers used in the refrigeration cycle.   
7.1 Future Work 
The developed model has great potential to aid in the design and 
optimization of mixed hydrophilic and hydrophobic surfaces.  The model can be 
used to evaluate various surface configurations, flow conditions and surface 
temperatures.  The various conditions and arrangements should be evaluated for 
optimization.  The optimization should include surface nodule configurations by 
changing the spacing vertically, nodule patterns, super saturation of the fluid with 
respect to the fluid dewpoint and surface orientation.  While reducing the surface 
angle from vertical will only serve to increase the droplets resistance from surface 
removal, inverting the surface will aid in droplet removal and would result in 
droplets jumping from the surface.   
The developed thermal model can be expanded to examine Cassie-Baxter 
wetting as shown in Figure 1.  Cassie-Baxter wetting would aid in droplet removal 
from the surface.  This would require adjustment to the droplet heat transfer 
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equations resulting in an increased thermal resistance associated with surface.  
At present the thermal resistance of the surface is negligible.  Faster removal of 
the droplets from the surface will reduce the total thermal resistance of the droplet 
which increases as the droplet grows in size.   
 
 
 
 
 
 
 
Figure 54:  Cassie-Baxter Wetting 
 
Typically, non-condensable gasses are removed from condensers.  The 
current model is designed to include the presence of non-condensable gasses.  
The model would require modification to be applicable in applications such as 
condensers.  This would require modification to the equivalent thermal resistance 
associated with diffusion.  Compared to the mass transfer and associated change 
in state, the heat transfer to the non-condensable gasses is negligible.  The 
developed model does not include any heat transfer to the non-condensable 
gasses.  No other aspects of the model would require modification to support 
condenser designs.   
hydrophilic 
hydrophobic 
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